Abstract: Polypropylene (PP) thickened lubricating grease exhibits high oil bleed tendency at low temperatures, which makes it a promising candidate for low temperature applications. At elevated temperatures, PP thickened lubricating grease exhibits excessive oil bleeding, which limits its use at high temperatures. Excessive oil bleed adversely affects the lubricating performance of the PP thickened grease. The present work is focused on the study of the oil bleed tendency of PP and Maleated Polypropylene (mPP) thickened greases at various temperatures by incorporating virgin and recycled high density polyethylene (HDPE) into the thickener system. Grease containing various percentages of PP and mPP thickeners were prepared and modified with different percentages of virgin and recycled HDPE. Polymers were characterized through differential scanning calorimetry (DSC) techniques. The oil bleed performance of these greases was evaluated by the conical sieve method (ASTM D 6184) at various temperatures. Storage (G′) and loss modulus (G″) of greases was determined by rheometry at 25 °C. Incorporation of HDPE and recycled HDPE in PP thickened grease decreased oil bleeding compared to the base grease.
Introduction
Lubricating grease is a three component system, i.e., thickener, base oil and performance additives, used predominantly for the lubrication of bearing elements and low speed gear systems [1] . Grease consistency is an important measure for the selection of a grease for specific applications [2] . Proportion and type of base oil and thickener in lubricating greases influences a number of properties including consistency and rheology [3, 4] . The lubricating grease serves as a reservoir for lubricating oil and an optimum release of lubricating oil during operation is desirable for good lubrication performance. Oil release from lubricating greases is induced by mechanical forces and temperature. Insufficient oil release or excessive loss of oil from lubricating grease causes lubricant starvation and may lead to bearing failure [5, 6] . Oil bleeding rate directly affects the useful service life and performance of the bearing; thus, it is apparent that oil bleed characteristics of lubricating grease have a role in performance assessment of lubricating greases. Hence, due significance has been given by various researchers to study and improve oil bleed characteristics of various types of lubricating greases [4, [7] [8] [9] . There are several research papers available focusing on other aspects of polymer thickened greases [10] [11] [12] [13] [14] [15] , but oil bleed tendency at high temperatures and methods of improvement has hardly been studied in detail [16] . Polymers are grafted with some functional groups to further improve the existing properties or to induce additional properties in the field of concern [17] [18] [19] such as flow, oil bleed, etc. Recycled polymers are cheaper source of material and are easily available with a wide range of grades from single recycled to non-reusable waste. Attempts were made by researchers in the recent past to study the application potential of different types of recycled polymers in lubricating greases [12, 15] . This research work aims to study the effect of recycled and virgin HDPE on bleeding tendency of PP and mPP thickened greases over a wide temperature range and any change in rheological properties therein.
Experimental Section

Materials
A mixture of group I and group II paraffinic mineral lubricating oils (Kinematic Viscosity 160 cSt at 40 °C) supplied by Indian Oil Corporation Ltd. (Faridabad, India) was used to prepare lubricating grease samples. Polypropylene and Maleated Polypropylene, supplied by Pluss Polymers Pvt. Ltd. (New Delhi, India) were used as thickeners. Raffia grade virgin high density polyethylene from Indian Oil Corporation Ltd. and recycled cream colored high density polyethylene from plastic scrap available with the same trade name was used as an additive, which was supplied by a local supplier. Melting temperature (Tm), fusion enthalpy (ΔHf) and other physical properties of polymers are given in Table 1 .
Grease Manufacturing
Gel like dispersion of polymers was prepared using Sotelem reactor model RMP 5005 through batch process under nitrogen atmosphere. The contents were heated up to 200-210 °C with constant stirring at 150 rpm. After 1 h the material was poured into 20 liter steel container and quenched with dry ice to 70-90 °C. The material was then milled in a Colloid Mill (Model JC 100) to obtain grease. The processing and milling parameters for all the samples were kept identical. With the same percentage composition, both PP and mPP have different thickening tendencies. Hence, thickener proportion was adjusted to obtain target consistency (worked cone penetration of 270 to 300). 18% PP and 15.5% mPP gave desired consistency. Twenty-six greases with different PP, mPP and HDPE (virgin and recycled) concentrations were studied; detailed compositions are given in Table 2 . 
Gel Permeation Chromatography
High temperature gel permeation chromatography (HT-GPC) analysis of all the polymers was carried out on PLGPC 220 HTGPC equipment fitted with a Refractive Index (RI) measurement facility. The oven compartment is fitted with an injection valve, GPC columns and Differential Refractive Index (DRI) detector. The weight-average molecular weight, Mw, number-average molecular weight, Mn, and poly-dispersity, Mw/Mn, values are listed in Table 1 .
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was performed with a Mettler Toledo Instrument. Each test sample was weighed to about 10 ± 2 mg, sealed in standard aluminum pans was subjected to heating cycles from 25 to 200 °C, 200 to 25 °C, 25 to 200 °C at a heating rate of 20 °C/min in first heating cycle and 10 °C/min in second heating cycle; with nitrogen flow rate of 50 mL/min. The heat flow curve of the second heating cycle was taken for study.
Heat Stability Test
The ASTM D-6184 test method was followed to study the heat stability property in terms of oil bleed tendency for all the grease samples at temperatures 60, 80, 100, and 120 °C. An oven capable of maintaining up to 150 ± 0.5 °C was used for study. The test was conducted in duplicate for 30 h for study in each temperature and the average of two results was reported.
Cone Penetration Test
To determine the unworked and worked (60 double stroke) penetration of the lubricating grease, cone penetration test was performed using Seta penetrometer model 17500-0 for all the samples as per the ASTM D-1403 (half scale geometry) and values obtained were converted into the full scale cone penetration values applying the factor as per ASTM D-217.
Rheological Studies
Rheological measurements were carried out with a controlled strain rheometer (Anton Paar Physica MCR 301). All samples having same thermal history (during grease manufacturing) were subjected to a strain sweep test at a frequency of 1 Hz to determine the linear viscoelastic region. SAOS (small amplitude oscillatory sweep) measurements were carried out inside the linear viscoelastic region using a 25 mm, Plate-Plate geometry at 1mm gap in a frequency range between 10 −2 and 10 2 rad/s at 25 °C.
Results and Discussion
Differential Scanning Calorimetry
A DSC measurement was carried out for all polymer samples and the thermograms of samples corresponding to the second heating cycle are displayed in Figure 1 . Single endothermic peak appears at 132 °C and 131.5 °C for HDPE and recycled HDPE respectively, which can be attributed to their characteristic melting temperatures. The fusion endotherm of PP and mPP show the characteristic melting peak at 161.5 °C and 160 °C respectively. The melting temperature and fusion enthalpy values for all the above polymers are reported in Table 1 . 
Heat Stability
The heat stability (oil bleed tendency) of greases PP, mPP and their compositions modified with HDPE and rHDPE were studied at temperatures 60, 80, 100 & 120 °C following ASTM D-6184 standard method. Figure 2 shows plots of heat stability versus temperature for all the samples studied. The trend is similar in all the plots, i.e., minimum at low temperature and maximum at high temperature, irrespective of thickener type. An increase in oil bleed tendency was observed with decrease in thickener content and vice versa in both the thickener types PP and mPP over entire temperature range studied (Figure 2a,d) . A similar observation was reported by Cann, P. M. [20] with lithium hydroxystearate thickener. Figure 2b ,c represents the oil bleed performance of PP and mPP thickened greases modified with HDPE. An improvement in oil bleed performance was observed which increases with the HDPE content in thickener, there was a marginal improvement noticed with PP+HDPE0.5 and PP, i.e., with 0.5% HDPE content. An improvement of more than 60% was observed with 4% HDPE content, both with PP and mPP thickened greases. A gradual and consistent improvement in oil bleed performance was noticed above 0.5% HDPE content. The performance of recycled HDPE was quite similar to virgin HDPE's performance.
In general, the oil retention ability of PP grease is better than HDPE grease due to its well-formed microstructural network in oil medium, similar to a lithium lubricating grease, whereas HDPE remains coiled and dispersed with poor oil retention capacity [15] . As reported by J. E. Martin-Alfonso et al., HDPE acts as filler in lithium lubricating grease, thereby improving grease structure. However, it is Heat Flow speculated that the portion of HDPE soluble in base oil increases viscosity [21] . Hence, when grease was blended with PP an improvement in oil bleed performance was noticed due to influence on base oil viscosity. Oil bleed tendency of PP grease is highly temperature sensitive and abrupt increase of oil bleed with temperature is observed [22] (Figure 2 ). On the other hand a PP+HDPE blend was more stable than pure PP grease over a wide temperature range. This may be a result of increased oil retention capacity by HDPE due to uncoiling of chain with increasing temperature. (There are other physico-chemical properties like base oil and thickener interaction, base oil viscosity [20] , which actuates the release of base oil from grease when the temperature is raised). Nevertheless, addition of HDPE (virgin and recycled) improves oil bleed tendency compared to pure PP and mPP grease, the oil bleed tendency at high temperature remains always higher than oil bleed tendency at low temperature due to the aforementioned counter phenomenon. 
Cone Penetration Test
Unworked and worked cone penetration values of all the samples are shown in Table 3 . The penetration values of samples increases with decreasing thickener content which is quite obvious. All the polymers have different thickening capacity with same thickener content; the order of thickening tendency is HDPE > mPP > PP. Both virgin and recycled HDPE show a higher thickening tendency than other polymers, therefore in replacing PP and mPP with HDPE (virgin and recycled), more than 2 percent shows low unworked and worked penetration values. The differences between unworked and worked penetration values of polymeric greases are highly dependent on milling conditions and processing parameters. Slight change of a parameter like milling time and temperature may result in significant change in unworked and worked penetration values. Therefore, care has been taken to keep the process and milling conditions identical. Figure 3 shows the viscoelastic response of PP and mPP grease with frequency as a function of thickener concentration and HDPE (virgin and recycled) concentration in the linear viscoelastic range. It was observed that the frequency dependence of all samples studied was similar to that found with other lubricating greases as reported in the past [15] . As is evident from Figure 3 , the SAOS response of PP and mPP thickened greases are very similar. Moreover, the SAOS response as a function of thickener content is also similar and hence only PP thickened system will be quoted for further discussion. A high G″ than G′ was reported for polypropylene (amorphous and recycled) thickener system with ≤9% thickener content in a previous study [23] . On the other hand, the present study shows a high storage modulus than the loss modulus for all the samples studied as a consequence of high thickener content (≤18% for PP and ≤15.5% for mPP) a more elastic in nature than viscous and hence, loss tangent values are below zero. Figure 3a ,g shows variation of G′ and G″ as a function of thickener concentration. The values of SAOS function decrease with a decrease in thickener concentration and the decrease in storage modulus is more prominent than loss modulus. A dominance of viscous response over elastic response was observed with a decrease in thickener concentration. Reduction in thickener content results in to less compact microstructural network with fewer entanglements between network fibers. As is evident from Figure 3b ,h, a high tangent value from intermediate to high frequency range is similar to that reported in systems with highly entangled structural networks [24] .
Rheological Studies
The plateau modulus GN 0 (Table 3) is a characteristic parameter of the highly structured polymeric system, having interchain contact points, here it is estimated as,
Although all the samples show a characteristic plateau region at intermediate to high frequencies ( Figure 3 ) an increase in plateau modulus was observed with increase in PP/HDPE ratio. Moreover, the plateau region shifted to higher frequency range with increase in HDPE content. The grease with high HDPE content shows higher viscoelastic response than grease with low or no HDPE content in relation to the grease with similar overall thickener content. For polymers of the same molecular weight, the degree of branching is a crucial parameter to influence rheological properties of a given solvent. A linear polymer shows a more viscous response than branched polymer of the same molecular weight [21] and as expected, a relatively high modification on viscous response was observed than elastic response on partially replacing PP by HDPE. From the foregoing discussion, it can be anticipated that the more viscous structure (high G″) would mean more oil bleed at high temperatures, whereas more elastic structures (high G′) would result in less oil bleed or compact structure. 
Conclusions
Oil bleed performance of pure PP and mPP grease and modified with virgin and recycled HDPE was studied. Based on experimental results obtained it can be concluded that  Both PP and mPP exhibit similar oil bleed tendencies. However, mPP shows a slightly higher thickening tendency with the same thickener concentration over PP.  HDPE increased G′ and G″ values of PP and mPP greases thereby inhibiting oil bleed tendency.  The oil bleed inhibiting tendency of these modified greases is sensitive to temperature, HDPE content and overall thickener content.  The oil bleed tendency of greases varies from thickener to thickener but grease with same thickener type tends to bleed more oil which has comparatively higher viscous response (high G″) than elastic (low G′).
In future work, exhaustive microscopy analysis will be done to look into the microstructure of polymers and correlation with oil bleed tendency.
